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Biochemistry Department, Duke University, Durham, North CarolinaABSTRACT The United Nations has declared 2014 the International Year of Crystallography, and in commemoration, this
review features a selection of 54 notable macromolecular crystal structures that have illuminated the field of biophysics in the
54 years since the first excitement of the myoglobin and hemoglobin structures in 1960. Chronological by publication of the ear-
liest solved structure, each illustrated entry briefly describes key concepts or methods new at the time and key later work lever-
aged by knowledge of the three-dimensional atomic structure.
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Open access under CC BY-NC-ND licMyoglobin was the very first atomic-detail x-ray crystal structure of a biological
macromolecule (Protein Databank (PDB) PDB:1MBN (1)). It showed us that the
3.6-residue/turn Pauling a-helix was indeed true, although the helices interacted
at unexpected angles. Myoglobin became, and still is, a model system for many
biophysical methods (2) including neutron diffraction (PDB:1MB5 (3)) and the
kinetics of binding O2 and other small ligands (4). (Fig. 1. Myoglobin helix
cylinders (PDB:1MBN)).The hemoglobin structure was the culmination of Max Perutz’s 18-year quest. It
appeared along with myoglobin, at lower resolution but clearly with the same fold
for all chains of its a2/b2 tetramer (PDB:1MHB, PDB:1DHB (5)). The idea that
breathing required a protein channel to open for O2 to access the heme (6), as in
myoglobin, was startling. The coupled change of local and quaternary conforma-
tions between oxy and deoxy forms explained the cooperativity of O2 binding,
and for decades hemoglobin was both the main teaching example and also a focus
of research on allostery. (Fig. 2. Hemoglobin b-chain ribbons (PDB:1MHB)).3. Hen-egg lysozymeation J
rms of
ses/by
mediu
ense.Hen egg-white lysozyme (PDB:1LYZ (7)) was the first b-sheet seen, the first
enzyme structure solved (8), and the first to have coordinates refined (in
real-space; PDB:2LYZ, PDB:3LYZ, PDB:4LYZ, PDB:5LYZ, PDB:6LYZ
(9)). It forms large, high-resolution crystals very readily in many space
groups, and has been the control case for nearly every new crystallographic
method and instrument,most recently nanocrystals for the free-electron laser
(PDB:4ET8 (10)) and microcrystals for micro electron diffraction
(PDB:3J4G (11)). (Fig. 3. Hen-egg-white lysozyme (PDB:2LYZ)).anuary 3, 2014.
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54 Crystal Structures for Biophysics 5114. Ribonuclease A
Ribonuclease A (PDB:2RSA (12)), stabilized by SS bonds, had prompted
Anfinsen’s original work on protein folding. The cleaved ribonuclease S form
(PDB:1RNS (13)) showed a nearly identical structure, both overall and in the
active site, and was shown to be enzymatically active in the crystal, addressing
doubts about the relevance of protein crystal structures to biological function.
(Fig. 4. SS in ribonuclease A (PDB:2RSA)).5. Chymotrypsin6. CarboxypeptidaseThe crystal structures of chymotrypsin (PDB:2CHA (14)), chymotrypsinogen
(PDB:1CHG (15)), and trypsin (PDB:1PTN (16)) illuminated the catalytic
mechanism of serine proteases, their differing substrate specificities, and the
activation process that buries a cleaved chain end to properly rearrange the
active site. [Note: Insertion-code residue numbering (hated by programmers)
made Ser195 and His57 intuitive and textbook-worthy.] (Fig. 5. Ser protease:
elastase (PDB:1EST (138))).Carboxypeptidase was the first look at an exopeptidase that cleaves at the
C-terminal rather than internal residues, and at a metalloprotease, with Zn at
the active site (PDB:1CPA (17)). It also showed parallel b-sheet for the first
time, which twists through the hydrophobic core, flanked by layers of helices
in right-handed bab connections. (Fig. 6. Carboxypeptidase A (PDB:1CPA)).7. Subtilisin8. Lactate dehydrogenaseSubtilisin (PDB:1SBT (18)) was a second type of serine protease with a near-
identical active site to the trypsin relatives, but with an entirely different over-
all fold. This was our first demonstration of convergent evolution at the atomic
level. Later, an intensive mutational study on subtilisin documented the effects
of all 19 other amino acids at each individual position (19). (Fig. 7. Subtilisin
BPN0 (PDB:1SBT)).Lactate dehydrogenase (PDB:2LDH (20)) was the largest protein crystal struc-
ture until the 1980s, a tetramer of two-domain, 334-residue chains. Domain 1
of lactate dehydrogenase showed what was to become the classic version of
the fold it shares with carboxypeptidase, subtilisin, and many other a/b-proteins:
a doubly-wound topology known as the Rossmann fold. (Fig. 8. Rossmann fold:
two views of LDH domain 1 (PDB:2LDH)).Biophysical Journal 106(3) 510–525
512 Richardson and Richardson9. Trypsin inhibitor10. RubredoxinBiophysical Journal 106(3) 510–525The basic pancreatic trypsin inhibitor (BPTI) (PDB:2PTI (21)) uses SS bonds
to hold a lysine and its backbone in the right conformation to form an essen-
tially irreversible complex with trypsin (PDB:1PTC (22)). BPTI has been an
important model system for protein folding, NMR (23), and computations
such as the early molecular dynamics calculations of flip rates for buried
aromatic rings (24). (Fig. 9. SS in trypsin inhibitor (PDB:2PTI)).Rubredoxin (PDB:2RXN (25)) was the first redox structure solved, a minimalist
protein with the iron bound by four Cys side chains from two loops at the top of
b-hairpins. It diffracted to 1.2 A˚, enabling reciprocal-space refinement of a pro-
tein (PDB:4RXN, PDB:5RXN (26)). [Note: beware PDB:4RXN, done without
geometry restraints!] Archaeal rubredoxins account for many of the highest-
resolution small structures in the PDB. (Fig. 10. Fe in rubredoxin (PDB:2RXN)).11. Insulin12. Staphylococcal nucleaseInsulin (PDB:1INS (27)) is biophysically as well as medically interesting for its
propensity to crystallize within the cell, its threefold Zn site and monomer-dimer-
hexamer equilibrium, and its two disulfide-linked chains that require a long
intervening Pro piece to fold up correctly. (Fig. 11. Insulin 2-chain monomer
(PDB:1INS)).Staphylococcal nuclease (PDB:1SNS (28)) was desired by Christian B. Anfinsen
as a disulfide-free second model for protein folding to complement his original
ribonuclease system. The nuclease has indeed been used extensively in folding
studies (29,30). It was also the first structure for which multiresidue disordered
regions were described, at both termini and in a loop near the active site. (Fig.
12. Staphylococcal nuclease (PDB:1SNS)).13. Cytochrome c
Cytochrome c (PDB:1CYT (31)) uses its heme Fe to play important roles in
the electron-transport chain of photosynthesis. Structural detail determines
how the local protein environment tunes redox potential, and how quantum
tunneling can help an electron jump long distances such as in the cytochrome
c/cytochrome c peroxidase complex (PDB:2PCB (32)). (Fig. 13. Cytochrome c
(PDB:1CYT)).
54 Crystal Structures for Biophysics 51314. T4 lysozyme
The T4 phage lysozyme work was undertaken to understand what makes a muta-
tion temperature-sensitive. The original structure was PDB:1LZM (33), and there
are now more than 500 entries in the PDB, nearly all with deposited structure
factors. This one molecule has been central to our improved understanding of
the energetic and structural effects of packing quality, hydrogen bonding, secon-
dary structure, solvent exposure, entropy, etc., as altered by sequence substitu-
tions (34). Movie S1: T4 lysozyme domain motions: the upper domain first
nods, in a classic domain-hinge motion, shown in two views. Then it shakes its
head back and forth, in a torsional motion. (Fig. 14. Domain motion in T4
lysozyme mutants (PDB:150L (139), PDB:1KNI (140))).15. Immunoglobulins16. Superoxide dismutaseImmunoglobulin fragments such as Fab’s (PDB:1FAB (35)) and VL dimers
(PDB:1REI (36)) were very important but hard to crystallize, relative to earlier
x-ray structures. The domains, with their Greek-key topology and their buried
SS and Trp bracing the center of the b-barrel, explained the reliable fold of the
framework. Some of the hypervariable loops could be classified into conforma-
tional categories that allowed prediction of binding-region shape from sequence
(37,38). (Fig. 15. Immunoglobulin VL domain (PDB:1REI)).Cu,Zn superoxide dismutase (PDB:2SOD (39)) is a very efficient enzyme that
protects against the cellular damage caused by O2- radicals; its dimer was seen
to cover much of the surface by placing active-site funnels back to back, with
electrostatic guidance inward. Superoxide dismutase and immunoglobulin
domains together led to definition of the Greek-key b-barrel (40), one of the com-
monest all-b folds. (Fig. 16. Cu,Zn superoxide dismutase (PDB:2SOD (141))).17. Transfer RNA
tRNA Phe was the first crystal structure of a large RNA (PDB:1TNA (41),
PDB:3TNA (42)). It showed that the A-form stems of the classic cloverleaf
basepair diagram actually stack in pairs on one another, forming an L-shape
with well-ordered loops interacting at the corner and the anticodon triplet
and CCA acceptor end 70 A˚ apart. These days we see how tRNAs move,
bend, and interact in the ribosome, through the dynamic dance of translation
(43,44). (Fig. 17. Transfer RNA Phe (PDB:1EHZ (142))).Biophysical Journal 106(3) 510–525
514 Richardson and Richardson18. Triose phosphate isomerase
Triose phosphate isomerase (PDB:1TIM (45)) introduced the amazing TIM
barrel fold, with a central cylinder of eight b-strands surrounded by a ring of eight
helices, each joining adjacent strands with a right-handed bab connection to
produce a singly-wound fold. A sequence-conserved loop over the active site is
disordered but folds down to protect catalysis, trading entropy with enthalpy to
provide both specific binding and product release (46). (Fig. 18. Triose phosphate
isomerase (PDB:1TIM)).19. Icosahedral virus20. Dickerson DNA dodecamerBiophysical Journal 106(3) 510–525Icosahedral virus structures, first tomato bushy stunt (PDB:2TBV (47)) and
then Southern bean mosaic (PDB:2SBV (48)), were a huge step up in size,
symmetry, and complexity, and required the development of new crystallo-
graphic methodology. There were many surprises, in how a single sequence
accommodates five- versus sixfold neighbors, how protruding spikes are
formed, and how the geometry changes during capsid development. (Fig.
19. Southern bean mosaic virus, three chains (PDB:2SBV)).The Dickerson dodecamer of complementary DNA sequence CGCG
AATTCGCG (PDB:1BNA (49)) provided the first in-depth analysis of structure
and variation in double-helical B-form DNA, one of the most fundamental and
ubiquitous atomic structures in biology. The details of AT versus GC basepairs
and of the possible steps between stacked basepairs were analyzed by parameters
such as rise, tilt, and roll. (Fig. 20. B-form DNA dodecamer (PDB:1BNA)).21. Crambin
Crambin, a tiny hydrophobic protein, was solved at 1.5 A˚ resolution from
native S anomalous data (PDB:1CRN (50)), showing detailed water structure,
then to a record 0.54 A˚ (PDB:1EJG (51)), with visible electron density in bond
orbitals. Schmidt et al. (52) at 0.48 A˚ (PDB:3NIR) tried unrestrained refine-
ment of H atoms, and crambin gives very high resolution neutron diffraction
(53). (Fig. 21. Crambin electron density detail (PDB:1EJG)).22. Calmodulin
Calmodulin (PDB:1CLN (54)) and troponin C (PDB:2TNC (55)) are Caþþ
modulated regulatory systems with a pair of EF hand Caþþ binding domains con-
nected in dumbbell shape by a startlingly noncompact long a-helix. It was later
found by both NMR (56) and crystallography (57) that binding of a helical-
peptide ligand produces a huge domain-hinge motion, closing down around the
ligand into a compact, globular structure. Movie S2: Calmodulin closing around
a ligand: the long helix between the separate Caþþ-binding domains locally
unfolds and bends in the middle, to let the domains form a compact globular
domain around the helical-peptide ligand. (Fig. 22. Calmodulin: open þ closed
around ligand (PDB:1CLN, PDB:1CM1).
54 Crystal Structures for Biophysics 51523. DNA polymerase24. Photosynthetic reaction centeThe architecture of DNA polymerase was first shown by the structure of
Klenow fragment (PDB:1DPI (58)), with the growing DNA held across a
palm and manipulated by fingers and thumb domains, illuminating proces-
sivity. Later structures demonstrated catalysis in the crystal, and showed
how local distortion toward A-form could reliably distinguish correct
Watson-Crick basepairing from nearly all other possibilities (PDB:2BDP
(59)). (Fig. 23. DNA polymerase/DNA (PDB:2HHV (143))).r
Photosynthetic reaction center (PDB:1PRC (60)) was the landmark, hard-earned
first crystal structure of a membrane protein, showing us the trademark hydro-
phobic transmembrane helices, the associated globular domains, and the odd
aromaticity and charge distribution of the layers coplanar with the membrane sur-
face. For spectroscopy, it showed the light-capturing special pair of chlorophylls
and the complex, nonequivalent pair of electron transfer pathways. (Fig. 24.
Photosynthetic reaction center in membrane (PDB:1PRC)).25. Repressor/DNA complexes
Repressor/DNA interactions were first visualized in detail by a series of com-
plexes solved in the late 1980s, including Cro (PDB:1CRO (61)), Lambda
(PDB:1LRD (62)), Trp (PDB:1TRO (63)), CAP (PDB:1CGP (64)), and Zn
fingers (PDB:1ZAA (65)). They set expectations for nonspecific charged con-
tacts to DNA backbone, mostly for dimeric, palindromic sites, and sometimes
bending the DNA. Sequence specificity mostly used base edges in the major
groove, but was not simple except for the Zn fingers, which had a neat modular
system readily used for design. (Fig. 25. CAP protein dimer on bent DNA
(PDB:1CGP)).26. Histocompatibility antigen
Histocompatibility antigens (PDB:1HLA (66)) provided a new paradigm for a
universal system that achieves specific binding of short peptides. They are pre-
sented on a flat b-sheet platter flanked by two helices, and the end result is a com-
bination of somewhat specific interactions for peptide backbone and side chains
in that groove, plus specificity from interaction of T-cell receptors with the total
surface of HLA and peptide together. (Fig. 26. Histocompatibility antigen
(PDB:3HLA (144))).Biophysical Journal 106(3) 510–525
516 Richardson and Richardson27. Ubiquitin28. BacteriorhodopsinBiophysical Journal 106(3) 510–525Ubiquitin (PDB:1UBQ (67)) has enormous biological significance, and has re-
cently been much studied as the hub of an outstandingly large and varied pro-
tein-protein interaction network. The human protein is also small, stable, and
tractable for genetic, physical, and computational studies, the results of which
are synergistic: for example, no other protein supports collecting as much
experimental NMR data, providing a testbed for calculations (PDB:2NR2
(68)). (Fig. 27. Ubiquitin computational models (PDB:2NR2)).Trimers of bacteriorhodopsin protein form two-dimensional crystals in the bacte-
rial purple membrane, and their structure (PDB:1BRD (69)) established electron
diffraction as a feasible route to membrane protein structures. It showed the up-
and-down topology of the seven trans-membrane helices and the retinol position-
ing and ligands, while PDB:2BRD (70) located the connecting loops and many
lipids. (Fig. 28. Bacteriorhodopsin 3-mer, with lipids (PDB:2BRD)).29. GCN4 coiled-coil
The GCN4 dimer is a prototypical coiled-coil structure with the heptad repeat
that produces alternating layers of Leu and Val/Ile between the two a-helices.
The crystal structure (PDB:2ZTA (71)) showed how the buried H-bonding of
the repeat-busting Asn controls specificity of register and chain pairing. Later
studies established rules for sequence variants to form trimers or tetramers (72)
and for reliable design of coiled-coil dimerization domains. (Fig. 29. Core of
GCN4 coiled-coil (PDB:2ZTA)).30. Beta-helix
The beta-helix was a new superfold of repeating wide spiral turns, each with three
parallel b-strands. Very unusually for protein structure, it comes in two versions
of opposite handedness. Pectate lyase (PDB:1PEC (73)), with a kidney-bean-
shaped cross section, was first of the right-handed examples; an archaeal carbonic
anhydrase (PDB:1THJ (74)), with an equilateral-triangle cross-section, was first
of the left-handed examples. (Fig. 30. Left-handed b-helix, end view (PDB:1QRE
(145))).31. Collagen
The versatile toughness of collagen depends on the properties conferred by a
triple helix of repeating Gly-Pro-hydroxyPro sequence (PDB:1CAG (75)). Pro
keeps the strands extended, with high pitch, and prevents formation of most
other conformations, while the OH group aids solubility. Gly lets the chains
come close enough for an interstrand backbone H-bond. Gly/Ala, or other
sequence variants, cause irregularity in the fibers. (Fig. 31. Collagen triple
helix (PDB:1CAG)).
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The barnase/barstar complex (PDB:1BRS (76)) is a high-affinity, well-behaved,
midsized enzyme-inhibitor pair that has served as a principal model system for
study of protein/protein interactions by genetic, biophysical, and computational
methods (77). (Fig. 32. Barnase/barstar interface (PDB:1BRS)).33. F1 ATPase
F1/F0 ATPase is a spectacularly elegant rotary molecular motor (or generator)
studied by many biophysical techniques. The crystal structure of F1
(PDB:1BMF (78)) is essential to understanding the succession of large confor-
mational changes within the trimer, and the atomic details of how those are
coupled to each other, to the ATP hydrolysis or synthesis, and to rotation
around the central g-chain that connects with the F0 motor ring. Movie S3:
F1 ATPase conformational changes: the 3 catalytic b (green, red, and blue),
3 a (cyan), and central g (yellow) chains are rotated in 120 steps around
the pseudo-3fold axis (green, tilted from vertical), then the conforma-
tion and state of one b chain is featured in a still. (Fig. 33. F1 ATPase
(PDB:1BMF)).34. Heterotrimeric G proteins
Heterotrimeric G proteins translate the receptor messages from a great variety of
external signals into downstream cascades that direct cellular responses. Crystal
structures (PDB:1GG2 (79), PDB:1GOT (80)) showed how the catalytic
a-subunit with its mobile switch I and II loops relates to the membrane, the
accessibility of phosphorylation, and especially to binding with or dissociation
from the large b-subunit with its sevenfold b-propeller architecture (81). (Fig.
34. G protein: a with GDP, b with propeller rainbow (PDB:1GG2)).35. Green fluorescent protein
Green fluorescent protein is a biophysically interesting system in its own
right—a stable cylindrical-can shape of b-sheet enclosing a helix and loop
apparently poised just right for the unaided polypeptide to catalyze a cova-
lently linked ring that is a strong green fluorophore. The structure (PDB:1EMA
(82)) enabled study of that process and construction of variants with other
colors, for multiple fluorescent labeling. (Fig. 35. GFP and fluorophore
(PDB:1EMA).36. CDK2/cyclin A complex
CDK/cyclin complexes control cell cycle progression by regulating activity of the
kinase partner. The classic CDK2/cyclin A structure (PDB:1FIN (83)) showed
that in this case the cyclin reorients catalytic Glu51 on the PSTAIRE loop and
pulls out the T-loop into a binding pocket in the cyclin, exposing and thus activat-
ing the kinase catalytic site. Further activation occurs on phosphorylation at the
active site (84). Movie S4: Cyclin-A activation of CDK2: first the unbound CDK2
is shown, with red PSTAIRE and yellow T-loop, then their movement on cyclin
binding to unblock the kinase active site and swing Glu51 into position. (Fig. 36.
CDK/cyclin, PSTAIRE and T loops (PDB:1FIN, PDB:1HCK (146)).Biophysical Journal 106(3) 510–525
518 Richardson and Richardson37. Kinesin38. GroEL/ESBiophysical Journal 106(3) 510–525Kinesin and dynein are similar molecular motors with two ATPase heads at
one end of a long coiled-coil and a cargo attachment at the other. Dynein brings
cargo inward while kinesin moves it outward in the cell. Crystal structures of
heads and neck (PDB:1BG2; (85), PDB:3KIN (86)) help explain mechanisms
that leverage differing motions. Single-molecule visualization and force
measurements show it walking, or limping along microtubules (87).
(Fig. 37. Kinesin heads and neck (PDB:3KIN)).GroEL (PDB:1AON (88)) is the type example of a class of folding chaperones
with paired cavities formed by two asymmetric seven-chain rings that open
and close in alternation by a concerted ATP-driven conformational change. Partly
folded proteins bind on the inner surface of an open GroEL ring. Upon ATP
cleavage and conformational change, the bound protein is released to try folding
inside the protected cavity, the top of which may be closed by a 7-mer cap of
GroES. (Fig. 38. GroEL rings with GroE cap (PDB:1AON)).39. Nucleosome40. Group I intronNucleosomes organize and sequester DNA but must make it accessible
for replication when needed. The crystal structure (PDB:1AOI (89)) shows
the tight two-turn, spiral wrap of DNA around the core of histone proteins,
the interaction regions, and the largely disordered histone tails whose
enzymatic modifications code for the level of DNA access. That access seems
to involve histone variant incorporation, accessory proteins, and probably
some large-scale opening of the nucleosome (90). (Fig. 39. Nucleosome
DNA and histones (PDB:1AOI)).Group I self-splicing introns are ribozymes that self-catalyze their own splice-out
and rejoining of the messenger RNA. The crystal structure of the Tetrahymena
example (PDB:1GRZ (91)) was the largest RNA structure that preceded the
ribosome, and it showed the complex architecture of double-helical junctions
and tertiary contacts we now consider typical of RNA active sites. (Fig. 40.
Tetrahymena group I intron (PDB:1GRZ)).41. DNA topoisomerase
DNA topoisomerases take care of the entanglements that routinely result from
basic processes such as replicating a coiled DNA double helix. Topoisomerase
type I relaxes overtwisted supercoils, and the structures (PDB:1A31,
PDB:1A35 (92) show that they cleave one strand, hold on to an end, let the
helix twist relax, and then reconnect it. Type II topoisomerases (PDB:1BGW
(93)) cut both strands and pass a separate DNA helix through the gap, to
decatenate DNA rings. (Fig. 41. Topoisomerase II composite (PDB:1BGW,
PDB:1EI1 (147))).
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The dimer of tubulin a- and b-subunits is the basic building block of microtu-
bules. The electron crystallography structure (PDB:1TUB (94)) shows their
detailed interactions and geometrical relationships, aiding modeling of both the
straight assembled form and the curved, dissociated form of individual tubulin
fibers. Ensuing studies combine x-ray, electron microscopy (EM), and single-
molecule methods to analyze the complex dynamic control of assembly and
disassembly at the plus (þ) and minus () microtubule ends (95). (Fig. 42.
Tubulin a/b dimer (PDB:1TUB)).43. KD channel44. Holliday junctionThe potassium channel (PDB:1BL8 (96)) was the first ion channel crystal
structure. Most unexpected and interesting was the specificity region, which
transports Kþ but not the slightly smaller Naþ. Each of the four chains contrib-
utes a TVGYG sequence that uses glycine’s expanded conformational range to
orient successive backbone carbonyls inward, forming rings of four liganding
oxygen atoms at just the right diameter for optimal fit to the Kþ ion. (Fig. 43.
Selectivity filter of Kþ channel (PDB:1BL8)).Holliday junctions are the compact four-way junctions that allow helical cross-
over and migration during DNA replication, and the many DNA recombination
processes such as crossover, integration, and transposition. The first crystal struc-
tures were solved in complex with Cre (PDB:2CRX (97)) or RuvA proteins
(PDB:1C7Y (98)). A series of model systems followed, stabilized in various
ways and in various geometries (e.g., PDB:1L6B (99)). (Fig. 44. Holliday junc-
tion DNA (PDB:2CRX)).45. Ribosome
Ribosome structure in atomic detail was first achieved for entire ribosomal
subunits in 2000 (PDB:1JJ2 (100), PDB:1FJG (101), PDB:1FKA (102)), and
for the full Escherichia coli 70S in 2005 (PDB:2AVY, PDB:2AW4 (103)).
Those structures showed that RNA is indeed the catalytic agent of protein
synthesis, leveraged the extensive cryoEM work on the ribosome, and tripled
the data for structural bioinformatics of RNA. They enabled mechanistic
studies of drug binding or translation factor interactions, and especially
single-molecule experiments to follow the large coupled motions and forces
of the dynamic translation cycle (43). (Fig. 45. Escherichia coli 70S ribosome
(PDB:4GD1, PDB:4GD2 (40))).Biophysical Journal 106(3) 510–525
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AAAþ ATPases comprise a versatile, ATP-powered motor system that acts on
protein or DNA chains threaded through a ring of subunits. For instance, HslU
(PDB:1G3I (104)) is a 6-mer ring that caps the bacterial proteasome and feeds
proteins targeted for destruction into the central protease cavity, while SV40
LTag is a helicase that melts DNA replication forks (PDB:1SVM (105)). The
asymmetrical clamp-loader, in contrast (PDB:3U5Z (106)), spirals around
DNA to bind the sliding-clamp trimer in an open lock-washer form, pushes the
clamp closed, then uses ATP hydrolysis to dissociate. Movie S5: Functional cycle
of the clamp-loader AAAþ ATPase: the asymmetrical clamp-loader pentamer
(green, with pink ATP) spirals around a DNA double helix (yellow) and binds
the sliding-clamp trimer (brown) around the DNA in an open lock-washer posi-
tion. (Fig. 46. Clamp (brown), clamp-loader, and DNA (PDB:3U5Z)).47. Ankyrin repeatsBiophysical Journal 106(3) 510–525Ankyrin repeats provide versatile protein-binding elements for the cytoskele-
ton, and are representative of other modular a/a or a/b sequence repeats such
as RNA-binding pumilio domains (PDB:1M8Y (107)) or Leu-rich repeats
(PDB:1DFJ (108)). The ankyrin crystal structure (PDB:1N11 (109)) showed
the principles of its modular architecture, which has also turned out to be read-
ily co-opted for design or selection of new, specific protein-protein binding
(110). Movie S6: Structure of 12 ankyrin cytoskeletal repeats: rocking empha-
sizes the long, open spiral curl of the ankyrin helix-pair and loop repeats,
colored blue to red from N- to C-terminus, then the structure is chipped
away and rebuilt to show the regular, simple repeat. (Fig. 47. Twelve ankyrin
repeats (PDB:1N11)).48. TOP7 designed protein
TOP7 was the first fully de novo design of a novel globular protein topology to be
proven correct in detail by a high-resolution structure of the experimental con-
struct (PDB:1QYS (111)). It was a proof-of-concept milestone: protein design
is still far from repeatably foolproof, but TOP7 confirms the growing utility of
the ROSETTA software system both for design and prediction, and now also
as an important aid in experimental structure determination by NMR (112),
cryoEM (113), and even crystallography (114). (Fig. 48. TOP7 designed protein
(PDB:1QYS)).49. Circadian clock
The circadian clock from cyanobacteria (KaiA PDB:1R8J (115), KaiB
PDB:1R5P (116), KaiC PDB:2GBL (117)) is the simplest such system known,
with just three component proteins. KaiA and KaiC compete to phosphorylate
and dephosphorylate buried sites on the large hexameric KaiB, acting slowly
enough to produce an approximate 24-h cycle that is further synchronized by
light. (Fig. 49. Space-fill drawing of KaiB (PDB:1R5P)).
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Riboswitches show another recently appreciated function of RNA in addition to
catalysis, aptamer binding, RNA interference, etc. Some messenger RNAs, such
as the initial G and A riboswitch examples (PDB:1U8D (118), PDB:1Y26 (119)),
form tertiary structures that specifically bind small-molecule ligands and change
conformation to up- or downregulate the expression of their own gene. The
change involves switches in basepairing, but is not as simple as first thought
and constitutes an ongoing biophysical puzzle. (Fig. 50. G riboswitch with ligand
(PDB:1U8D)).51. Exosome
Exosomes are large, dynamic assemblies central to the highly regulated proc-
ess of mRNA decay. The crystal structure of a nine-subunit human exosome
(PDB:2NN6 (120)) will serve as a textbook from which to learn why evolution
chose to use related but distinct proteins for such a job, and more generally, to
learn the subtle rules for redesigning protein-protein interfaces to make many
separate pairs that each interact with reliably high specificity. Movie S7: The
eukaryotic 9-subunit exosome, a machine for mRNA decay: the exosome is
rotated from a 3-fold top view to a side view, then rocked to show the shell
of related but quite distinct chains, with only a single catalytic site inside.
(Fig. 51. Top view of nine-subunit exosome (PDB:2NN6).52. b2-Adrenergic receptor
b2-adrenergic receptor, first by itself (PDB:2RH1 (121)) and then in complex
with its G protein (PDB:3SN6 (122)), are the first, long-sought structures for
one of the numerous and critically important G-protein-coupled receptors. The
receptor transmits the message that binding has occurred, in through the mem-
brane to the G-protein, which initiates a signaling cascade to control cell
response. Novel methodologies were used to solve these structures, including
crystallization in the lipid cubic phase (123), a viscous and totally intermeshed
topological oddity. (Fig. 52. b2-adrenergic receptor (gold) with its G protein
(PDB:3SN6)).53. Vault particle
Vaults are very big molecular containers common inside eukaryotic cells. Each
chain of 12 domains is nearly 400 A˚ long, and 39 of them swirl together to
enclose each half of the vault (PDB:2ZUO, PDB:2ZV4, PDB:2ZV5 (124),
PDB:4HL8 (125)). Several different biological functions have been suggested
for vaults, but they already provide us with a provocative example of an
unusual large-scale architecture. (Fig. 53. Thirty-nine chains in half a vault
(PDB:2ZUO, PDB:2ZV4, PDB:2ZV5)).Biophysical Journal 106(3) 510–525
522 Richardson and Richardson54. Free-electron laser crystallography
Free-electron laser crystallography is without question the most spectacular new
technical development in the field. A jet of droplets with nanocrystals is sent
past a beam of femtosecond x-ray laser pulses, and diffraction is recorded before
the crystal has time to explode. This has the potential for determining otherwise
intractablemolecular structures and for accessing rapid time steps. Themany chal-
lenging problemswith data and analysis appear to be solvable. After demonstration
structures of photosystems and lysozyme (e.g., PDB:3PCQ (126), PDB:4FBY
(127), PDB:4ET8 (10)), there is now a novel structure of propeptide-inhibited try-
panosomal cathepsin B (PDB:4HWY (128)) potentially useful for drug design.
(Fig. 54. Ca splines and chromophores (pink) in Photosystem II (PDB:4FBY)).Technical Notes
All 54 of these structures are protein o
deposited in the Protein Data Bank (P
1960 to 2013 is ordered by publication yBiophysical Jour nucleic acid macromolecules solved by crystallography, with atomic coordinates
DB), and chosen for their importance to biophysics. The chronological list from
ear of the article describing the earliest atomic-detail structure; coordinate deposition
date could not be used because many were solved before the PDB started taking entries in 1972 (129). In each case, at least
one notable, biophysically relevant aspect is briefly described, such as being the first of its kind, introducing a new concept, or
enabling an important set of later work. In the on-line version a subset of the PDB files are tagged for interactive 3D visual-
ization, providing added value such as an overview if the image is a detail or the second example of a comparison noted in
the text.
Most of the early figures are hand-draw
figures made in the softwares MAGE (n ribbons (130) and most of the later ones are computer-graphics ribbons or stick
131) or KING (132), with some further processing in the software PHOTOSHOP
(Adobe Systems, Mountain View, CA). Figs. 41 and 49 are space-fill drawings courtesy of David Goodsell, from the
RCSB Molecule of the Month feature (134). Fig. 45 was made in QUTEMOL (135). All images are open-license with
attribution (CC BY 3.0 US) and are available on Wikimedia Commons (133). Frames and rotations for movies were
made in the softwares MAGE or KING, and include no interpolations between experimental structures.
This list will be available on Wik
(http://en.wikipedia.org/wiki/Wikipediaipedia as part of the Biophysical Society-sponsored WikiProject Biophysics
:WikiProject_Biophysics, under ‘‘New articles’’), to encourage discussion, editing,
and continuation of the compendium. Comments, edits, and additions are welcome, at the List of Biophysically Important
Macromolecular Crystal Structures on the English Wikipedia (136).
Seven movies are available at http://www.biophysj.org/biophysj/supplemental/S0006-3495(14)00033-2.We especially thank the crystallographers who h
exciting, and the Protein Data Bank, which, from nave continually pushed for success on increasingly difficult and important structures and kept the field
early the beginning, has made the coordinates, derived information, and now the experimental data easily
available to anyone in the world (137). The referees of this review made several good additions of structures for inclusion.
The National Institutes of Health supported our own contributions over the years with grant No. R01-GM15000 and our current overviews and methods
development with grant Nos. R01-GM73930, R01-GM73919, and P01-GM63210.REFERENCES
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